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STUDY OF INADVERTENT
.

SUMMARY

koie factors relating to inadvertent 8peed and

SPEED INCREASES IN TRANSPORT OPERATION ‘

By HENRY A. PEARSON

Mach number
increa8e9 in tran$port operation are discwsed with the objeci
of indicating the munne-r in which they mi@ vary with di$erent
qxziitit.x of the aiqiane and Lh4minimum murghw requwed to
guard against reaching u~afe vulua. T/b spud incre-menta
and the murgiw required under several amum.ed conditions are
inve-stigaki. The remd.i%indicate that, on a percentage bask,
Wnal[er margiw 8houJ?dbe requk?d of high-speed a?kpti than
oj loukspeed airplana to prevent overspending in inadvertent
m41m8uver8. The pomibility of exceeding placard speed in
prolonged descents is illustrated by computations for typical
tian9port airplanes. Equai50ns are 8ugge8ted thai a-now e8ti-
mates to be nude of the necmsary speed margiw

INTRODUCTION

In order to guard against inadvertent increases in airspeed,
flight regulations limit the eilective airplane cruising speed
to a ilxed percentage (80 percent) of the design or demon-
stpted speed. For lack of better information, the same limit
has been applied to the Mach number. As a result of these
regulations, low-altitude propellerdriven airpkmea tend to
be limited by the indicated-airspeed placard so that a margin
of 20 percent is maintained on the speed for structurally safe
flight but with the possibility of a greater margin on the Mach
number where adverse compressibility effects occur. On
the other hand high-altitude high-speed jet-powwd trans-
ports might be expected to be limited in cruisiug by the
Mach number placard which rw.dts in a 20 percent margin
on Mach number and a greater margin on the structumdly
safe indicated speed.

Plans for the development of turbojet transports have
renewed iniwrestin the problem of selecting satisfaetm-ylimits
for airplaneoperating speeds that will insure against exceeding
values of either Mach number or the dynamic pressure for
which the airplane can be expected to remain controllable
and structurally sound. In order for such transports to be
economically feasible, however, they must necessarily be
operated nearer the maximum level-flight speed than the
older propeller-driven airplanes and excessive margins cannot
be toleratid.

For thesereasons reexamination of the problem of selecting
the limiting operating speeds appeam desirable. This report
presents an analysis’ for determining the margins required
under several assumed conditions and is confined mainly to
the physkd aspects of the problem.

. SYMBOLS

The following symbols are used throughout the present
report:
A
a
b
c.
CD,
c.
C.a

CL=,

c
C&

at
d

de
z

;,fo
9
M

!l

s
s,
T
t
u
17

v..

w
Wp
xv
x$

LID
h

aspect ratio, bs/S
speed of sound, fps
WiJEspan, ft
aiqk&dkgcoefficient, Drag/@
profile-drag coefficient
airplane lift coefficient, Ldt/@
airplane lifhcurve slope per radian
tailplane lift-curve alope per radian

wing chord, ft
pitching-moment coefficient of wing-fusehqze

combination at zero lift
tail angle of attaclq radians
horizontal distance from given object, or dis-

tance between tail-off aerodynamic center
and centar of gravi@, ft

dowmvash factor

span efficiency factor
compressibility factom defined in reference 1
acceleration of gravity, 32.2 ft/sec2
Mach number, V/a

dynamic pressure,~ PP, lb/sq ft

wing area, Sq ft
tail area, sq ft
engine &t, lb
time,.sec
true gust velocity, fps
true velocity, fps except with subscript mph
calibrated airspeed (the airspeedrdated to dif-

ferentkd pressure by the accepted standard
adiabatic formula used in the calibration
of difFerentia%pressureairspeed indicatom
and equal to be aimpeed for standard
sea-level ‘conditions), fps

airplane weight, lb
weight of shifted payload, lb
distance through which payload is shifted, ft
distance horn airplane center of gravity to

tail hinge line, ft
airplane lift-drkg ratio
altitude, ft
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Ah altitude change, ft
An incremental load factor
AT7 velocity increase, fps

}
Ah/At or ~

dhldt rateof descent, fps

J}
AT”At or

TT/dt rate of change of velocity, ft/sec~

Ci angle of at~ck, mdi~
6 elevator angle, radians
-Y fligh~path angle, radians
P mass density of air, slugs/cu ft
PO mass density of air at sea level, slugs/cu ft

CONDITIONS FOR WHICH SPEED MARGINS ARE REQLJHtED

Some of the &onditionswhich maybe considered as lea&ng
to inadvertent increases in airspeed are listed as follows:

(1) Increases in speed and Mach number resulting from’
maneuvers made either to avoid obstacles or horn a sudden
failure of automatic pilot or booster system

(2) Increases in speed and Mach number result@ from
encountering gusts durirg cruising

(3) Increase in speed and Mach number due to a forward
shift in passengers or payload

(4) lMach number margin required to permit maneuvering
without reaching the bufleting boundary

(5) Mach number changes resulting from tra~eraing areas
with temperature inversions

(6) Incrense in speed and Mach number associated with
carrying out a planned descent from altitude.

AVOIDANCE OF ORSTACLES

If an airplane were required to execute a rapid push-down
pull-up maneuver in order to pass under an obstacle on a
collision course, an increment in speed and ~Machnumber
would be gained during both the push-down part of the
maneuver and the recovery to level flight. For example, if
a small altitude loss were necessary in order safely to clear an
obstacle, an equal altitude change would .be required to
return to level flight providing both the push-down and
pull-up were made with equal rapidity. II all of the poten-
tial energy represerited by the combined altitude change
wore converted into kinetic energy, the equation for this
limiting case would be

(1)

Expanding (T~+ A T~)2,dropping the second%rder term, and
dividing through by T~ reduces the expression to

AV g Ah—. —
VP

(2)

From the relation T7=Ma another form of equation (2) is

AM gti
Z-=m

(2a)

Thus, to a tit rtpprosimation, the maximum possible per-
centage increase in velocity incurred in clearing a given
obstacle would vary inversely as the square of the initial

speed or Mach number. Since the obstacle ‘to be nvoiclccl
would most likely be another airplane, tho minimum rdti- “
tude loss would be of the order of 50 feet and tho minimum
total altitude change, in&iiing an equally rapid recovery,
would be of the order of 100 feet. From oqudion (2) the
percentage change in speed for this amount of cdtitudo
change is determined to be a l-percent increase for an air-
plane traveling 388 miles per hour and a S-percent increase
for an airplane. traveling 173 rniks per hour. Thus, speed
increments resulting from avoiding collisions would be of
consequence only if the total altitude loss wem linger, M
would be the case if the pilot tried to clear by mom t@n 60
feet or failed to recover as rapidly after clearingtho obstado.
The margin in speed required to guard againsi,this possibility
should vary invemely with the cruising speed.

Of some interest, perhaps, in such a maneuver is the small
distance over which the tight path can be changed without
imposing large loads on the airplane. If it is assumed thot
a load-factor increment of An could be instantaneously
applied, the greatest deviation which can be made to the
flight path would be given by the following equntion

Ah=% An=~ An (3)

where
An acceleration increment in g units
t time during which load increment is applied
d distance at which object to be cleared is first sighted
For example, if an object ‘were initially seen at the distanco
corresponding to that traveled in 2 seconds and a loacl-
factor increment of 2 were instantaneously applied, a devia-
tion of only 128 feet in the altitude could be made under this
assumption. The fact that the pilot could not react immedi-
ately plus the fact that the airplane does not respond instan-
taneously to an instantaneous elevator impulse may reduco
the value in this case to about one-quarter, or from 12S to
32 feet.

It appears horn this example that the increase in speed
due to avoiding obstacles would be important ogly if tho
minimum altitude changea were made larger; however, unless
a collision path was recognized in time, the altitude changca
involved would be small.

AUTOPILOT OR BOOSTER FAILURE

The altitude change and increaae in speed if an automrkic
pilot or a booster system were to fail suddenly are also related
by equations (1) to (3). In this case, however, both tho
time during which the acceleration increment acts and the
pilot reaction time may be longer because of the “kmxpectod-
ncss of the failure, with the remdt that both the altitude
10SU and the increases in speed would be larger. The per-
centage increase would again vary inversely with tho square
of the initial velocity and would be given by the equations

AM . g%zAn
7iT=2a’W

(48)

(4b)
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If the sudden failure
increment An of —2 (a
the strength limits of
written

is assumed to impose a load-factor
value that would normally be within
the wing), equations (4) may be re-

Av
()

t=
~Exlooo ~

Av
()

t~
~glooo —

Ma

(5a)

(5b)

so that, if a mrmimum fractional increase of not more than
0.1 in speed is to be obtained, the ratio t/V should be less
than 1/100. For example, for a transport traveling 350 feet
per second, recxwery should be started within 3+ seconds.
Inasmuch as the time for initiating a recovery would be a
constant and independent of the initial speed, it appears that
n smaller speed margin should be required for high~peed
nirpkmes than for low-speed airplanes to .e~ard against an
autopilot failure.

SYMMETRICAL NORMAL GUST

Equation (3) also serves as a starting point for arriving at
estimates of the margins required to cover the speed gained
in encountering gusts normal or parallel to the flight path.
Assume that an airplane with neutral stability encounters a
negative gust normal to the flight path for which the intensity
increases linearly to a peak in 10 chords (1OC),or a distance
H, and decreases thereafter linearly to O‘m the same distance.
This type of gust-intensity distribution is one commonly
investigated in gust-load calculations. If unsteady lift and
allevi~tion defects are omitted, the following simple load-
fnctor relations apply

-. ..-.
uLapu ~

An
‘“= 2Wj!j’‘2 ‘n”

Tho altitude loss for this case is

Ah=An.gts
2

where
~=20c

-F’
so that

(6)

(7)

and from equations (2) and (7)

In this case tko percentage increme in speed or Mach number
variea inversely with the cube of the initial airspeed or Mach
number, directly with the square of the distance occupied by
the gusts, and directly with the gust velocity. If typical
maximum values are substituted in equation (6), it may be
seen that the percentage increase in speed in encountering a“
single normal gust is likely to be small, providing the air-
speed is not initially so low that the gust causes the airplane
to stall. For a succession of down gusts the increase in speed
would be larger than for a single down gust but even so the

percentage gain would
with the slower one.

OPERATION 705

be 1S with the faster airplane than

SYMMETRICAL HORUONTAI, GUST

For horizontal gusts that occur in level flight, the in-
creases in airspeedrmdMach number would be instantaneous
and are likely to be relatively higher than those due to the
normal gust. In this case the fractional increase in airspeed
or Mach number is given directly by the equation

Av AMU
7=X=7

(9)

A horizontal gust would usually be of relatively short dura-
tion and would not be expected to be too critical in its effects;
however, in a descent from altitude through an area of wind
shear, more prolonged gust effects might be emximtered.
Although the magnitudes of the velocity and the gradients
in such an area of wind shear are not deii.nitely known, it
appears that the gust velocity for use in equation (9) is either
less than or, at most, equal to the value of 50 feet per second
commonly used.

SHIFTINGPAYLOM)

A gain in speed or in Mach number can occur if a shift in
weight were to. occur as when several passenge~ walk from
the rear to the front of the cabin and the pilot fails to retrim
the airplane. If it is a.em&ed (a) that the aerodynamic
coefficients are linear and do not vary with Mach number
over the range being considered, (b) that the speed gain
occurs in an atmosphere of constant density equal to that
of the initial altitude, and (c) that the pilot does not move
either the elevator or throttle before a new equilibrium con-
dition is established, then the following derivation may be
made. By designating the initial conditions by the subscript
1 and new trim conditions by subscript 2, the equilibrium
equationa can be written as

W= C.=al@S (lo)

(
~ ~+o~ (~ ~= ~, s,—

)
—–c+ $ qls=o‘Ozt a z~ “:1s (11)

After a change in moment WGPdue to a shift in payload the
new equilibrium equations are

W= C.=a@S (12)

(
c

)
.0 $+cL=ff~ $–c.mta~ ~–c.8t& $ @=o (13)

w-herethe distance d~is related to the distance dl through the
equation

~=d,–~

If equation (13) is subtracted from equation (11
@#O, there is obtained

(14)

and if

(15)
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By noting that

and that

equation (15) can be written as

[
‘1 CLa,~(l+]al-C. —–

“ Xg

[ C“+c+-ala’=o‘1’)
By using equations (10) and (12), equation (16) can be
rearranged as follows:

Substituting & (from eq. (14)) intc equation (17) and re-
mranging gives

If Vz is set equal to V,+AV and if seeond-order terms are
neglected,

Equation (19) indicatis that the percentage increase in
speed is independent of the initial speed and depends on the
aerodynamic and geometric characteristics of the airplane.
It shows that the ratio Av/v increasea as the ratio of the
change in trim moment to the airplane moment about the

()hinge line increases ~ and that the ratio AV/V increases
:

6s the static stability (given by the denominator) deereases.
The speed increase given by equation (19) is the equilibrium
value reached under the assumption made and would cor-
respond to a condition in which the airplane is in a slight
but steady glide angle. The transient values of AV/V may
be lower or higher than the trim value given by equation
(19) depending upon when the pilot takes appropriate action
to retrim. The largest value of AV/V should occur at a time
about equal to one-quarter of the period of the phugoid

(
Vm,

)oscillation of the airplane roughly ~ sec . Since this

motion is lightly damped, the maximum value reached could
be very nearly equal to”twice that given by equation (19).

As an example of the quantities involved for the case of a
typical presentday four-engine transport, a change in either
AVIV or AMjM equal to 0.025 would be obtained from
equation (19) if 500 pounds of passengers moved from the
most reaxmwd position to the front seats.

MARGINS REQUIRED FOR MANEUVERING

Most current aixplanes capable of operating in or near the
transonic speed range are limited to operation below what is
ecmmonly called a bufleting boundary. A typical buffetiig
boundary for a fighter airplane, designated ~irplrme 1, is
shown in figure 1. The data for this curve are taken from
reference 2. The part of the curve to the right of the dashed
vertical line is associated with a separation caused by com-
prwaibiIi@ on some main ecmponent of the airplane; wherms
that part of the curve to the left of the verticnl line is the
usual C. curve. Although the boundary to the right of
the vertied line can be and has been crossed during special
tests with hall military airplanes, to do so not only subjects
the airplane to large oscillating forces but also places it in o
region where stabili~. and control difficulties occur. At
present a quantitative evaluation of eith& the forces or
handling qualities of airplanes beyond or at this boumlmy
& not possible. For thwe reasons, transport airplanes
should not be operated at the boundary and some margin
appears to be neeemary to permit mild maneuvers at cruising
sped without the possibihty of reaching the btieting
boundary.

In the high-speed cruisii range, which is mainly of interest
in the present study, the slopes of the ivailable buffeting
boundaries are rel@ively steep. Thus, some idea of the
margins which should be maintained ean be obtained, evrm
though, as stated previously, the boundmy cannot bo pro-
dictad too accurately. Information on the buffeting bound-
aries was obtained by analyzing the results for several
airplanes, including that given in figore 1, to show the margin
required in Mach number in order that a steady 45° bank
could be executed at cruisii speed without exceeding tho
bound~. Execution of a 45° bank without loss of altitude
requires that the airplane lift coefficient be increased by the
factor V. Thus, if, for example, in figure 1. the original
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Cruisiig liftcoefficient CL were 0.5 the liftcoefficient h the
bmk would be approximately 0.71. As shown in figure 1,
tho margin in Mach number required would then be about
0.036. This point is il.lustited in figure 2 by the circular
symbol on the curve for airplane 1. Repeating this proce-
dure at other lift coefficients rmd for other airplan~ gave
the results shown in figure 2 in which the abscissa represents
the over-all airplane CLat cruisiig speed and the ordinate is
the Mach number margin from the bufEetingboundary that
should be maintained if mild maneuvering at cruisii speed
is to be permitted. In general, the Mach imrnber at which
tho airplane would buifet in level flight is best determined
from flight demonstration tests and the margins of figure 2
would be applied to this Mach number. For the present at
least, a conservative estimate of the margin required to
permit maneuvering appears to be given by any one of the
following :

AM=% allows 30° bank

AM=$ a~ows 60° bank

The reldion AM=% represents an envelope of most of the

data shown in figure 2 for the 45° bank. The relations
given for other angles of bank were determined in a similar
manner.

Lift coeffiden

Airplone

2 3

~~

t’ J I

/’.g
,/#

!

/ 5

/

/
./

.6
b level flight

Fmum 2.—Maohnumber margin required tc exeoute 45° bank without
crossing the btiet boundary.

MARGIN REQUIRED FOR TRbiPERATIJRE INVERSION

Temperature inversions are how-n to exist in the atmos-
phere and the altitude range over which inve~ions may occur
variea from hundreds to thousands of feet. Within such
inversions fairly localized gradients of 10° F per thousand
feet are not uncommon. A change in the temperature of
10° F corresponds to a change of about 1.3 percent in the
speql of sound.

During steep descents with small airplanes operating near
critical Mach number, adverse compressibility eifects such
as buileting or stability changes are sometimes inadvertently
encountered. These occurrences have beeri correlated with
measured temperature inversions so that, in some types of
research testing, a margin of about 0.015 in Mach number
has been necessary in order to avoid inadvertently reach@g
the bufleting boundary. Since the airplanes on which such
experience has been obtained had critical Mach numbers of
about 0.75, a suitable margin to guard against the effects of
a temperature inversion during a descent may be obtained
from the relation

AM
~=o.02

The constant 0.02 in this relation would be associated with
a somewhat larger temperature gradient than the 10° F
mentioned earlier.

SPEED GAINS DURING PROLONCIRD DESCENTS

Statistical data have shown that the probability of exceed-
ing the placard speeds is greatest in prolonged descents.
Some of the reasons for such overspeeding (exceeding placard
speed), such as meeting schedules or encountering an emer-
gency, m-eobvious, whereas other less obvious reasons could
conceivably be linked with the operation of either the engine
or cabin pressurization system.

Ovempeeding in the case of an emergency cannot be
rationalized as a pilot would take whatever risk were re-
quired. Even introducing automatically operated devices
such aabrake flaps would not positively prevent overapeeding
unless these flaps provided sticient braking to keep the
terminal velocity in a steep dive below the placard value.

Because jet enginesmust be operated at a higher percentage
of power at high altitudes than piston engines in order to
avoid a ‘flame out)” this characteristic could offer tm excuse

for overspending in a descent in case the engines could not be
re9tarted easily. h such a case a pilot, if pressed for time,
might not tolerate the low rates of descent -whichwould be
forced on him by operating the engine at a relatively high
percentage of power. Similarly, an airplane having a cabin
pressurized by an exhaust&iven turboiupercharger might
also offer an excuse for overspeeding since some engine power
would be required during a descent in order to maintarn
cabin pressure. The obvious remedies in both these in-
stances would be to provide positive means of restarting jet
engines in flight and the avoidance of pressurization by
exhaust&iven superchargers; otherwise, air brak= would
be necessary in order to compensate for the undesirable
engine thrust and the weight component in a descent.

In addition to these somewhat unusual and possibly ouk
moded cases, overspeeding might also occur if the pilot were
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to follow some fixed plan of descent without making due
allowrmces for airplane clmracteristi~. Conceivably, a
descent from altitude could be made according to a number
of predetermined plans such as: at oonstant indicated air-
speed, at constant Mach number, at a constant true airspeed,
at constant glide-path angle, at constant rate of change of
absolute altitude, or at constant rate of change of cabin
pressure altitude. In each of these plans there would be a
steady deerense in the potential and total energy involved.
All plans, however, would be characterized by conditions
which could be treated by equations (1) to (3). For instance,
the initial phase of the descent before reaching steady con-
ditions may be considered transient asmay be any subsequtuit
deviations from the main path due to overcontiolling or
inattentireness on the part of the pilot. These additional
spied changes over and above that called for by the adopted
plan can be treated as before by using equation (2) or its
equivalent

dV_–g dh
z–-v- z (20)

In equation (2) the maximum possible percentage increase
for n given M below the intended dwcent path varied in-
versely as the square of the average speed along the path.
Equation (20) indicates that the rate of change of speed is
direotly proportional to the rate of descent and inversely
proportional to the speed; thus the higher the. initial speed
the greater the time available-for the pilot to prevent a unit
increase in speed by deteeting and checking a unit rate of
descent above the intended value.

The equations of motion for some of the plans of descent
which might be used are given in general form, where the
asterisk is used with the symbols to identify the parameters
held constant.

For a descent at a constant small glide-path angle for
which the weight may be considered equal to the lift, the
equation of motion is

( T ‘1———$;=9 ‘i7*+w LID
)

(21)

Site by definition

and, fr~m reference 1,

(23)

the equation of motion for a descent at a constant calibrated
airspeed is (calibrated airspeed is the pilots’ indicated air-
speed when the airspeed system has no error)

%=@-%E+bkJ ’24)
Similarly, for a descent at constant Mach number the equa-
tion is

dV_

(

dhld T 1

)z–g Ziz%+rzp
(25)

and for a constant rate of change of altitude based on strmd-
ard conditions

dV~=g (dhldO* T 1
[ v +W–W 1 (26)

Alternate forms of equations (21) to (26) maybe obtained
by substituting relations involving the coefficients of lift and

p v2fl=QD g MSD=C~@=C~ ~ (27)

where CrImay be expressed a9

CD= CDo+~=CDO+
(W%%a ’28’

In general T/W will be some function of T~and h for L
given ehgine speed or throttle setting and L/D will be rL
function of Mach number M and CL.

ILLUSTRATIVE EXAMPLES AND APPLICATION OF RESULTS

AIRPLANECHARAOTIUUSTICS AND CONDITIONS

In order to integrate equations (21), (24), (25), and (26)
to obtain the speed gain with a given descent plan, a step-by-
step solution must be made. Since several of the principaI
variables are either’ nonlinear or are complicated functions
of other variables, an iniinite number of solutions would
exist so that no general charts can be given. Howeverj in
order to illustrate the potential speed gains that may occur
in following various plans for descent, examples me given
for three typical transport airplanes clesigrmted airplanes
A, B, and C. The airplane characteristics and conditions
assumed to illustrate the application of the formulas am
summarized in table I.

Airplane A is representative of a propeller-driven airphum
of about ten years ago with a nonpressurized cabin. In the
example, this airplane is assumed to start a deacont from

TABLE I.—PERTINENTAIRPLANE CHARACTERISTICS
( AND CONDITIONSUSED IN EXAMPLES

I
Airplane

Quantity

1“

A B c

Weight, lb---------- 26, 0;: 8s, 000 126, O?: ,
~in~ 108diU lb/sqft-

-%Thrust/W’@gt------ 18/~’”P& 23.1/J’~5;h 19,000 –O.3H
titial conditions:

Altitude, ft------. 10,000 20,000 30,000
V, mph----------- 200 350 600

M----------------- 0.272 0.495 0.738
~’. mph------------ 172.6 ;:; g 230.1
q,ib/sqft --------- 75.5 238.0
-Y,radians----------- “ o. 0284 ‘o.0324 0.0227

bO.0668 ------ 0.0464
Ah/At,ft/min -------- “ 600 1000 1000

b1000 ------ 2000

I

~Dwcent shown both with engine power aasumed constant and with
zero thrust.

b Descent shown with zero thrust only.
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10,000 feet with an initial true airspeed of 200 miles per hour
for two thrust conditions. In one case the engine power and
propeller efficiency me maumed to be constant during the
descent so that the thrust-weight ratio varies inversely with

18
the speed according to the relation ~=—.w Vwh In the other

case the thrust is assumed to be zero. The variation of L/D
with ahplanf3lit coefficient CL is given in figure 3 (a) where
the initial condition from which the computations were
started is represented by the circular point. Since the speed
range of airplane A is quite low, no Mach number effects on
the L/D curve were assumed. Also since it was assumed that
no cabin pressurization was used, the rate of change of alti-
tude.was kept low for the various descent plans.

Airplane B is a pressurized-cabin, propeller-driven airplane
typical of some present-day transports. l?or this airplane the
&scent was assumed to start at 20,000 feet from a true cruis-
ing speed of 350 miles per hour. Rates of descent of 1000
and 2000 feet per minute were assumed. As with airplane
A, two caseswere considered: one with zero power and one in
which the engine power and propeller efficiency were assumed
constant in the descent. For this case, the total thrust-

T 23.1
weight ratio was given by ~=zb. The assumedvariation

of L/D with CLand Mach number is given by the curves in
figure 3 (b), which were derived from tests of a current
transport configuration. From supplementary curves it was
established ‘that critical Mach number occurred around
M=O.65; the initial conditions are represented by the point
on the 44=0.50 curve. .

“rrrTrrrr

Airplane C used in the’examplea is an assumed swep~wing,
pressurized-cabin, turbojet airplane capable of cruisii at
30,000 feet at 500 miles per hour or a Mach number of about
0.75. . The L/D curves for this airplane are given in figure
3 (c). The critical Mach number for airplane C was estab-
lished as being around 0.81. For the case of flight with
power on, the variation of thrust for the speed and altitude
range of interest was asmrned to be given by the equation
T= 19000—o.3h. Results of wind-tunnel model tests and
jet engine tests were used to estimate‘the L/D and thrust
relations. s

For airplane A, -which was not pressurized, the value

~=500 feet per minute is slightly above the upper limit

permiwible in current practice regarding the eifect of rate
of change of pressure on passenger comfort; whereas the 1000
feet per minute might apply with only crew members aboard.
For airplane B in which the txibin was assumed to be pres-
surized to 10,000 feet, the rate of descent was chosen as 1,000
feet per minute which would give a total descent time of 20
minutes. With this rate, a total time of about 23 minutes
would be required to raise the cabin preewre from 10,000
feet to sea level at a cabin rate not exceeding that corre-
sponding to a change of 0.4 inch of mercury per minute.
(A rate not exceeding 0.4 inch of mercury per minute repre-
sents current practice. This rate corresponds to values of
dh/dt equal to 370, 500, 700, and 1000 feet per minute at sea
level, 10,000, 20,000, and 30,000 feet, respectively.) For
airplane C also with the 10,000-foot pressurized cabin,
descent rates of ljOOOand 2,000 feet per miute were chosen.
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At the lower @e, the cabin and outside pressure would just
be equalized shortly before landing, whereas at the higher
rate some ground time would be required.

CALCULATIONSFOR SPECIFIC D=CENT PLANS

Ciilculations were made for the various specific descent
plans for airplium A, B, and C and the results are presented
in iigures 4 to 6. In the compuhtions the transition from
the cruising condition to the speciiic condition plamed for
tie degmnt was assumed to be instantaneous. In the figures,
tie altitude is plotted against calibrated airspeed for each
plan of desoent. Ticks are added to each curve to $xlieate
the elapsed time in minutes. The values of oY@ used
in the calculations were based on values intended to
provide reasonable passengar comfort and adequata cabin
pressurization.

Desoent at constant VO.—A deseent at constant calibrated
airapeed would be represented in ilgures 4 to 6 by vertioal
Lines. For the range of conditions considered, constant
calibrated airspeed corresponds closely to a constant dynamic
presmre g. Therefore, during such a descent the airplane
lift coe5cient and lif&drag ratios would remain nearly cnn-
stant except for Mach number eifects on these quantities.

The difference betwecm a deseent at a constant calibpted
airspeed and one at a constant dynamic pressure g, if such
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FIGUEB4.-Velocity-altitude relations for various descent plans with
airplane A.

a descent could be made, may be obtained by noting the
deviation of line D in figures 4 to 6 from a vertical line
through the initial point. From the deviations shown, it
appears that in a descent at constant calibrated airspeed
the dynamic pressure would be expected to increaae slightly.

Desoent at constmt M.—0urve C of figures 4 to 6 shows
that the descent at constant M would result in an incrmm
in calibrated speed and hence in the dynamic pressure q.
On a percentage basis, the increase in calibrated speed is
successively greater with airplanea A,- B, and 0 mainly
because the altitude range covered is greater. Regardless
of the initial cruising speed, the increase in true airspeed
during a constant Ma&number descent in a standard atmos-
phere would not exceed 10 percent; however, for airplano
C, the value of q would increase about 3} times during tho
descent from 30,000 to 2,000 feet. This increase in g for
descent at constant Mach number would probably bo rece-
ssivefrom structural considerations, so that this plan is a
less practical one than the descent at constant calibrated
airspeed.
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FIGUEE6.—Velooiti-aMtude relations for various descent plans whh
airplane B.
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The curves given in figures 4 to 6 for the descent at con-
stant M rLpplyto either the zero thrust or power~n condition,
since the pilot would adjust the throttle and glide angle as
required in order to maintain the values selected. In fact,
equations (24) and (25) cannot be integrated for the power-
on cases considered in this report unlcsa throttling or some
brake devic@aare used.

Descent at constant rate of change of altitude,-The com-
putations for airplane A (curve B, fig. 4) show that, with
constant power setting, the calibrated speed in a descent at
constmt rate of change of altitude would be-increased by
~bout 24 percent in 6 minutes, of which about half would
occur within the first minute. For the pomrdl case
(curves G and H) the airplane would stall in trying to main-
tain a constant rate of change of altitude of either .500 or
1000 feet per minute. Thus it appears that, in the event of
sudden engine failure, rates of descent higher than 1000 feet
pm minute would necessarily prevail regardless of passenger
comfort.

The fact that ,the increases in speed measured in present-
day transport operations have generally been leas than 10
percent means that some throttling is used during the de-
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FIGURE‘6.—VeIocity-altitude relations for various descent plans with
airplane C.

scent. For airplane A, computations would sh&r that if
the engines were immediately throttled to about two-thirds
of the cruising power (that is, abou~ four-ninths of rated
power) a descent could be made at about 500 feet per minute
without a substantial increase in speed.

The increase in speed for airplanes B and Cat the constant
rates of descent chosen are, on a percentage basis, about
the same as for airplane A with about half the final maximum
increase occurring in the first minute. Thus, it appeam
that, if the present placard speed which limits cruising opera-
tion to 80 percent of the design or demonstrated speed is to
be raised with future tmneports, provisions must be made
for reducrng the “ei7ective” airplane L/D ratio either by
engine throttling or by use of aerodymunic braking.

Descent along constant flight-path angle,—The curves
labeled A, E, and Fin figures 4 to 6 for descents at constant
flight-path angle indicate slightly greater incruws in speed
and consequently greater rates of descent than the curves
for constant rate of descent (curves B, G, and H), even
though the flight-path angle -ywas sekkted on the basis that
it be equal to the rate of descent divided by the initial air-
speed. Of interest are the small glide-path angles involved
which seldom exceed more than 2°. The9e small angles are
in approximate agreement with statistical measurements
which have seldom indicated glide-path angles in a descent
of over 5°. .

COMPOSITEPLAN

Although the specitic plans discussed would probably not
be followed throughout a descent without modifications,
they are useful in indicating the problem ~d in point@g
out safe procedures to be followed.

It is possible that, unless the cabin w-me capable of being
presmrized to sea-level presmmeup to the higlmt cruising
altitude, passenger comfort not only could influence the @p~
of descent plan but also could affect the placard speeds.
As stated previously, present practice is to limit the rate of
change of cabin pressure to about 0.4 inches of mercury per

minute which corresponds to a value of ~h= 1000 feet per
&

minute at 30,000 feet and 37o feet per minute at sca level.
For structural reasons future haneports will continue to

be deigned to withstand some maximum dynamic pressure g
or its equivalent in airspeed. This maximum dynamic
prewme could either be one which is arbitrarily selected as
a design point or one to which the airplane must be demon-
strated. Transport airplaus of the immediate future will
also be limited by some Mach number which is not to be
czxceededif stability and control troubles as well as buffeting
are to be avoided. Thwe considerations will in general
require that a composite plan of descent be adopted.

k &der to illustrate these limits some of the results for
airplane C given in figures 3 (c) and 6 can be used. It is
assumed that wind-tunnel tests of a model or flight demon-
strations have shown that, at low lift coefficients, adverse
compressibility tiects begin at iM=O.81 (representedby C~
and that this value of M should not be exceeded. The
structure is assumed to have been designed or demonstrated
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at a dynamic pressure corresponding
to a calibrated airspeed of-422 m&s per hour. - Thes~
estreme operational limits which should not be exceeded are
shown in figure 7 by the heavy dashed line having two
segments and labeled “design limit.” The short uppeI
segment is a part of the curve representirqgthe 0.81 Mach
number limit, whereas the lower segment is a part of the
curve representing the dy&o.ic-preswe limit. For com-
pmison, lines B and C from @e 6 are”&o shown from
which it is seen that neither the descent at a constant value
of dh~=1000 nor at a constant kf=O.738 could be followed

throughout without exceeding these limits.

l?EQIJfBZDNARGINS

In order to allow for the possibility of inadvertent in-
creases in speed and Wwh number, some margin horn the
Iimits shown by the heavy dashed line is required. AIthough
equations have already been given from -which the margins
required under a single condition may be obtained, the
quektion arises as to the probability of separate events
occurring together. The speed gains resulting from avoiding
obstacles, fkom encountering normal down gusts, and from
shifting payload have been omitted in dekrmmm“.g the
required margins because either they have been shown to
be small or the probability of these events occirring simul-
taneously with other more important events is remote.
Deliberate overspeed@ beyond established placard speeds
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FIGURE7.—Operational and design Iimitp for composite dewent.
(Airplane C.)

has also been omitted because of its psychological aspect,
With these possibilities elirainated, the combinations of
events that might have reasonable probability of occur-
rence are

(1) A mild maneuver during demerit at operational speed
(30° bank) in a region of temperature inversion where hori-
zontal gusts of moderate size (15 fps) mist .

(2) Autopilot failure resulting in –2(J increment in lend
factor with 5 seconds delay in recovery inn region of moclmntc
horizontal gusts.
Consideration of these possibilities indicates that a guiclo to
the required margins in l~ach number from the operational
limits might be, obtained from the equation

~M_: ~ 15 (77 +0.021M0,,,+0.02 (29)
oruia*

where the first term is the margin on the buflet boundary
at the airplane cruking lift coefficient, the second term is a
margin allowing for a 15-foo&per-second horizontal gust nt
cruking speed, the third term allows for a possible tem-
perature inversion, and the last term takes into consideration
the spread in critical h!lach number for a series of airplanes
of the same type.

The reduction from the design indicated airspeed is based
on the second possibility and would be given by an equation
&f the type

25000
AV=46+G (30)

where the fit term is a combined one allowing for hori-
zontal gusts and variations between airplanes and the mcond
term allows for the posdility of an autopilot failure, In
equation (3o) Vu_ic. is considered to be the true airspoecl
in feet per second corresponding to the design indicatml
airspeed at the lowest altitude at which the autopilot would
be used.

If these suggested equations were applied to airplano C,
the reduction from the critical hfach number of 0.810 would
be 0.072 or 8.9 percent and would yield a mnsirnum opera-
tional Mach number of 0.738. If 10,000 feet is assumed
k be the lowest altitude in which flight with the autopilot
would occur, the reduction from the true design airspeed
]f 4S4 mile per hour would be 80 feet per second or nbout
55 miles per hour. This new airspeed (4S4 mph -55 mph)
rould correspond”to an indicated ahxpeed of 374 miles per
lour, which represents a margin of 11.5 percent on the
ksign indicated speed of 422 miles per hour. The opem-
iomil limits obtained in this manner are given by the solid
heavy line in figure 7.

It should be remembered that the constants appearing in
equations (29) and (30) for calculating the required malgins
are estimated and should be checked at the first opportunity
with fight experiences.

.

.
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Concluding REMARKS

As a result of a study to estimate the speed margins that
should be allowed to provide for inadvertent speed increase
in transport operation, the following trends are indicated:

1. b the cruising speeds of transports increase, the per-
ccmtnge margins required to avoid inadvertent speed gains
cm-wed by gusts, autopilot failure, and so forth should
decrease.

2. The descent plan of future transport airplanes will
probably be a composi@_one b. yhkh.the Nfachnumber will
be used to furnish the limit in the beg&.ing of the descent
and the indicated airspeed will furnish the limit during the
later stages.

3. The necessity of including aerodpamic-braking devices
will become increasingly important with future transports if
reasonable rates of descent are to be attained without large

ineresses in either the airspeed or Mach number. The size
and the projected area of such brakes should, however, be
coordinated with the requirements of pwenger comfort and
the type of cabin pressurization used.

LANGLEY AERON~DTICAL LABORATORY,

~ATIONU ADVISORY COMMITTEE FOR AERONAUTICS,

LANGLBY I?IELD,VA.,November 16, 1961.
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